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Unique and exotic planetary environments give us an opportunity to under-
stand how planetary systems form and evolve over their lifetime, by placing our
planetary system in the context of vastly di↵erent extrasolar systems. With orbital
separations a fraction of the Mercury-Sun distance, these close-in planets provide
us with valuable insights regarding interactions between the stellar and planetary
atmospheres. Further, observational biases actually allow such planets to be the
first to be observed via transit spectroscopy.
Observed spectrophotometric signatures from transit measurements can reveal
spectrally active species in a planet’s atmosphere. Present observational technologies
can also shed light on the atmosphere’s structure and dynamics. Future missions
will allow us to constrain these properties with unprecedented accuracy, and are
also being designed to observe increasingly smaller, cooler and less extreme planets.
The eventual goal, after all, is to identify a world like our own. To interpret the
observations with any certainty, however, we must build robust atmospheric mod-
els that su ciently factor both physical and chemical processes expected in those
atmospheres.
3-D climate modeling has shown that tidally-locked Earth-like planets, at the
inner edge of M dwarf habitable zones, may retain water-vapor-rich stratospheres.
However, flaring M dwarfs have strong UV activity, which may photodisassociate
H2O. Using synthetical stellar UV within a 1-D photochemical model, I assess
whether water vapor loss driven by high stellar UV would a↵ect its detectability
in JWST/MIRI transmission spectroscopy. I pseudo-couple a 3-D climate model to
our 1-D model to achieve this. In a follow-up study, I also compute 125 additional at-
mospheric states by varying the Earth-like planet’s orbital distance (thus moistness)
and methane production rates. I check for and quantify the simultaneous presence
of detectable ozone and methane in an otherwise abiotic anoxic atmosphere.
I have also implemented techniques to robustly quantify atmospheric proper-
ties of hot Jupiters from data-driven retrievals, and built a versatile template for
hot Jupiter atmospheres within our 1-D photochemical modeling tool, which was
previously only valid for cool rocky worlds. I sketch out a plan for using this work
towards mapping non-equilibrated (non-LTE) emissions from methane in the upper
atmospheres of observable giants.
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I am grateful for the existence of the CRESST program, a cooperative agree-
ment between NASA GSFC and UMD (and other member institutes), for providing
means for UMD scientists to conduct research activities at GSFC. I am also grate-
ful for the research and financial support of the Virtual Planetary Laboratory, and
the fairly newly formed Sellers Exoplanet Environment Collaboration (SEEC) for
fostering intra-GSFC collaborations.
This dissertation is comprised of science from two related but separate studies
on tidally-locked habitable planets, which form Chapters 4 and 5, and a chapter
dedicated to tools and techniques I have developed for future analyses of hot Jupiter
atmospheres (Chapter 3). Chapter 6, the future work chapter, connects directly to
Chapter 3 in the sense that the e↵orts described in Chapter 3 can be used for the
hot Jupiter portion of the study proposed in Chapter 6. Chapter 3 is focused on
creation and validation e↵orts and is not a standalone publication. However, I have
presented the content of Chapter 3 at various domestic meetings between 2015 and
2017, including the 2017 Astrobiology Science Conference, followed by the Gordon
Research Conference on the Origin of the Solar System the same year. I was awarded
travel grants to attend both conferences from the respective organizing committees.
Most of Chapter 4 is from a recent manuscript with the same title, i.e. ”Stellar
Activity E↵ects on Moist Habitable Terrestrial Atmospheres Around M dwarfs”.
The manuscript has been accepted and is in press with the the Astrophysical Journal
(ApJ). The latest version is presently available on arxiv (Afrin Badhan et al. 2019b).
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I have expanded the chapter beyond the original paper with content from my ADASS
conference proceedings paper, which is focused on the methodology (e.g. Figure 4.1
is directly from the inproceedings paper). The inproceedings paper is in press (Afrin
Badhan et al. 2019a). Chapter 4 also includes selected content from responses to
the reviewer. I have presented the study at three conferences: poster presentation at
the 2018 Division of Planetary Science meeting in Knoxville, TN; oral presentations
at the local American Geophysical Union Fall meeting in December, and then the
American Astronomical Society winter meeting, two weeks later, in Seattle, WA.
Chapter 5, entitled ”Robust Quantification of Abiotic CH4 and O3 in Moist
Habitable Anoxic Terrestrial Atmospheres Orbiting a 3300 K M Dwarf Host”, is a
follow-up study to Chapter 4 and is motivated by the ozone results of Chapter 4.
While Chapter 4 focuses on the habitability of the atmospheres and detectability of
major greenhouse gases with the upcoming James Webb Space Telescope, (JWST)
mission, Chapter 5 is meant to be a biosignature false positive case study to inform
observational e↵orts of the Origin Space Telescope (OST) mission. The paper is
currently in preparation for submission to the aforementioned journal (ApJ ).
Chapter 1 and 2 both serve as background chapters. Chapter 1 introduces
exoplanet characterization e↵orts, providing some motivational background for hot
Jupiter work, as well as an overview of global circulation model studies of tidally-
locked Earths, and a brief introduction to biosignature false positive studies. Chap-
ter 2 gives motivational and mathematical background on atmospheric processes and
atmospheric modeling tools; it can be thought of as an expanded Methods chapter.
This dissertation thus follows a traditional layout.
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Figure 1.1: A schematic representation of the transit method for a planet with an orbital period 
of 52-hr, with items relevant to phase geometry overlaid on a background showing attributes 
of the transit method. (Said background is Figure 5 from Tinetti et al. 2012.) This figure as-
sumes both the primary transit (the big dip) and secondary eclipse (the shallow dip) happen in 
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Figure 1.2: Left panel: Kreidberg et al. 2014 results from the 60-orbit HST/WFC3 primary 
transit campaign of GJ 1214b. High altitude clouds appear to be masking spectral features in 
the wavelength range shown. Right panel: Impact of non-uniform cloud cover on transmission 
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Figure 1.4: From Marley et al. 2013 (modified originally from Lodders 2003), a schematic 
illustration of cloud layers based on equilibrium chemistry and precipitation considerations.  
From left to right, the panels correspond to Tsurf of ~120 K (Jupiter-like), ~600 K (a bit 
hotter than Venus) and 1300K (cooler hot Jupiters). Refractory clouds are more likely closer 
to the surface as temperature falls, volatiles move progressively to the top. Only metal clouds 
can form on really hot planets.  
 
Figure 1.3: The C/O ratio in gas and grains in a typical proto-planetary disk around a solar-



















The( only( temperate( planets( (i.e.( residing(within( the( habitable( zone( of( host(
star)(we(have( any( hope( of( characterizing( in( the( near( future( are( ones( orbiting( the(
Figure 4: Schematic illustration (modified from Lodders 2004) of cloud layers expected
in extrasolar planet atmospheres based on consideration of equilibrium chem-
istry in the presence of precipitation. The three panels correspond roughly to
e ective te peratures T
e 
of approximately 120 K (Jupiter-like, left), to 600
K (middle) to 1300 K (right). Note that with falling atmospheric temperature
the more refractory clouds form at progressively greater depth in the atmo-
sphere and new clouds composed of more volatile species form near the top of
the atmosphere.
predicted far too great of a dust load in cooler objects. Thus it wa pparent that an
accounting for sedimentation of grain particles was required. One approach used in the
literature was to set a variable “critical” temperature for a given cloud such that cloud
particles would only be found between cloud base and the specified temperature (Tsuji,
2002). Another approach was to limit the cloud to be confined within an arbitrary
distance, usually o e scale-height, of cloud base. Both such approaches required the
choice of an arbitrary particle size for the grains. The advantage of such approaches is
that they are computationally very tractable for modeling and thus allow the exploration
of a large parameter space. One disadvantage is that it is di cult to consider particle
size e ects and other complexities.
In order to allow for vertically-varying particle number densities and sizes a second
approach was suggested by Ackerman & Marley (2001). In their formulation downward
transport of particles by sedimentation is balanced by upwards mixing of vapor and







wúqc = 0 (1)
where K
zz
is the vertical eddy di usion coe cient, q
t
is the mixing ratio of condensate
and vapor, q
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Figure 1.5: Left: The TRAPPIST-1 system with its seven temperate rocky planets (from 
TRAPPIST-1b through TRAPPIST-1e as seen by Spitzer (observed September – October 
2016). These are photometric measurements that were stacked together to increase signal to 
noise ratio. Best fit light curve is overplotted. Right: The seven orbits with same color code as 










































































Figure 1.6: (From Wolf 2017) Left: 3-D maps of surface temperatures of TRAPPIST-1 d, e, 
and f (which cover the inner and outer habitable zone according to Figure 1.5) revealed by 
GCM studies. Right: The MIR thermal phase-curve observations that were used towards the 
GCM findings. Going from top to bottom, these show climate states designated as runaway 
greenhouse (i.e inner edge of habitable zone) ! temperature (suitable) ! hot ! cold to 
snowball Earth across the phases. Albedo can be computed and increases till glaciation. 












































Figure 1.7: From Meadows, 2017 (Credits: Hasler, Meadows, Domagal-Goldman): False pos-
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JWST instrument specifications for transit/eclipse spectroscopy of exoplanets








NIRISS Grism, cross-dispersed, slit-less 700 0.6 - 2.5 H2O, CO2, CO, CH4
NIRSpec Prism, wide slit (1.6") 100 0.6 - 5.0 CH4, H2O, HDO













NIRCam Grism, slit-less 1700 2.4 - 5.0 H2O, HDO, CH4,
PH3, CO, CO2, HCN
MIRI Prism, 0.6" slit or slit-less 100 5.0-10.0 H2O,HDO,NH3,PH3












JWST direct exoplanet imaging
Instrument Mode Contrast Comments Detectability
NIRISS Aperture masking in-terferometry (AMI) 10
-4 @ 0.07"-0.4" l = 3.8-4.8 µm Few Jupiters @ 5-50AU
NIRCam Lyot coronagraph 10
-5 @ 1" to
<10-6 beyond 2"
IWA=0.4"-0.8"
l = 2.1-4.6 µm
Jupiters > 50 AU
Saturn mass>100 AU
MIRI Four-quadrant phasemask coronagraph
10-4 @ 1" to
<10-5 beyond 2"
IWA=0.4"
l=11 µm Jupiters > 50 AU
Table 2: JWST instruments, wavelength coverage, and related stats for exoplanet eclipses and direct imaging..
confidence, I will be leveraging my experience with NEMESIS. My research group and col-
laborators at the University of Maryland College Park, GSFC and STScI are already working
on other aspects of the big picture. My contributions will serve to complement their efforts.
My work addresses the priorities of multiple current SMD science research programs.
Essentially, I am seeking NESSF support to extend the utility of well-respected planetary
science tool —to extract planetary science—from future astrophysics missions. The pecies
observed with JWST will still be limited to those spectrally active in IR; future missions with
visible and UV coverage are of particular interest to the exoplanet community. The bench-
marking efforts with my tools will allow us to influence the design parameters and target selec-
tions for future flagship exoplanet missions with extended spectral coverage, such as the LU-
VOIR Surveyor and HabEX. These future missions are being designed to observe increasingly
cooler planets (to eventually find habitable ones), thus adequate treatment of disequilibrium
chemistry will be even more important for them (section 3). By supporting my work, this
Fellowship will maximize the returns from past, present, near and far future NASA missions.
Finally, this "hot" extension to the VPL photochemical model will not only allow us to
model the atmospheric chemistry in close-in giant exoplanets, but will also enable modeling of
Table 1.1: The four JWST spectroscopy instruments, their wavelength cov rage for each 
observation mode, and the resolving power R achieved in those modes. Rightmost column 













OST’s( role( in( the( exoplanet( hunt( will( be( characterize( potentially( habitable(
planets( for( the( presence( of( these( trace( biosignatures,( enabled( by( its( novel( transit(
spectroGmeter( (known( as(MISC—more( info( in( Chapter( 5),( state( of( the( art( cooling(
(down(to(4K)(technologies((Matsuo(et(al.(2016)(and(wide(5G26(μm(thermal(IR(coverG
age((hence(the(cooling(needs).(OST(is(particularly(relevant(to(my(dissertation(work(as(
it(motivates( the(work(of(Chapter(5.(OST( should(also(be( informative( to( the(work( in(



















for(habitable(Planets(EClipsing(ULtraGcOOl(Stars),(an(ESO(project( that(will( look( for(
planets(transiting(cool(stars(per(namesake.&Still,&OST&may(need(a(larger(aperture(to(
achieve(clear(transformative(advance(s)(over(JWST(for(habitable(planet(studies.(The(





















Figure 1.8: Top panel: Courtesy of Tyler Robinson (NAU), simulated emission spectrum for 
the Trappist-1e orbiting an M8 star (blue) is compared with the planet’s contrast when orbiting 
a G2 star like our Sun instead (orange).  Contrast is also shown for HabEx and LUVOIR wave-
lengths for comparison. Note: The bandpass gap in between would be covered by JWST’s 
NIRISS and NIRSPEC instruments as noted in Table 1.1. Bottom panel: Models of TRAP-
PIST-1e-like emission/transmission spectra with uncertainties simulated (for 30 orbits) for 
OST MISC and JWST/MIRI in LRS mode (which does not extend till the full bandpass). Note 
this assumes the same noise floor for MIRI as is predicted for NIRISS and NIRSPEC (30 ppm), 
which is highly optimistic for MIRI and less than quoted in literature (50 ppm, Green et al. 
2016, also see Chapter 4). Still, it is clear that the MISC uncertainties are much lower over the 






ing( data( resolutions( higher( than( achievable( by( spaceGbased( observations( (Hippler(
2019).(Several(future(ELTs(are(being(planned(and(built(right(now(by(various(internaG
tional(consortiums.(Instruments(include(spectrographs(for(transit(and(RV(measureG
ments,( imagers( for( photometric( characterization( as(well( as( coronagraphs( for( high(
contrast(direct(imaging((e.g.(Soummer(et(al.(2009,(Mello(et(al.(2018).(Upcoming(ELTs(
will(benefit(exoplanet(science(goals(of(the(next(two(decades((GMT4:(Szentgyorgyi(et(


























mical(models( that(best( reproduce( atmospheric(processes( in( tidallyGlocked( JupiterG
sized(giant(planets(and(tidallyGlocked(EarthGlike(rocky(planets,(2)(some(quantification(
of(detectable(biosignatures(from(potentially(habitable(tidallyGlocked(EarthGlike(planG
ets(orbiting(M(dwarfs;(3)(putting( these( finding( in( the(context(of( interpreting(highG
resolution(spectra(from(future(technologies.(The(primary(deliverables(of(my(research(
are(models(that(predict(the(atmospheric(composition(of(tidallyGlocked(Earths(orbiting(
M(dwarf(stellar(hosts,(and(hot( Jupiters(orbiting(FGKM(stars,( in(preparation( for( the(
multiGwavelength(observations(we(are(expecting(from(the(various(JWST(instruments,(
and(eventually(the(LUVOIR,(HabEX(and(OST&missions(in(the(future.((
My(work(has(helped(build(a( foundation( for(extending( the(utility(of(wellGreG


























prising	 the	 atmosphere.	 Establishing	 self-consistent	 profiles	 of	 these	 atmospheric	
properties	(“forward	model”	of	the	atmosphere)	is	necessary	prior	to	use	in	radiative	
transfer	work.	 Retrieval	modeling,	which	 is	 essentially	 inverse	modeling,	 involves	
finding	the	combination	of	these	properties	(and	others	e.g.	radius,	cloud	top	pres-



























To	understand	how	1-D	photochemical	models	are	 relevant	 to	 the	 study	of	
planetary	atmospheres,	we	must	 first	consider	how	air	 is	 transported	horizontally	










pressure	 gradient	 balancing	 the	 Coriolis	 force	 (Holton	 and	 Hakim	 2013).	 Vertical	
stratification	in	density,	pressure,	and	temperature	can	be	approximated	with	hydro-


















troposphere	and	 the	 region	above	are	 linked	 through	 the	 radiative	and	dynamical	
processes	we	have	described.	In	fact,	on	Earth,	they	exchange	trace	constituents	that	


































Atmos—an	 effort	 originally	 started	within	 the	 groups	 of	 Dr.	 Kevin	 Zahnle	 (NASA	
Ames)	and	Professor	Jim	Kasting	(PSU	Geosciences)—has	been	extensively	used	in	
the	1-D	photochemical	(via	 the	“PHOTOCHEM”	module)	and	climate	modeling	(via	
the	 “CLIMA”	module)	 of	well-studied	 terrestrial	 environments	 such	 as	 early	Mars	
(based	on	the	Mars	template	in	Smith	et	al.	2014,	which	used	chemistry	from	Zahnle	
et	al.	2008	and	Catling	et	al.	2010	studies),	the	Archean	and	Modern	Earth	phases	of	






















GJ1214b,	 which	 was	 modified	 for	 mini-Neptune	 photochemical	 modeling	 studies	
such	 as	 that	 of	 the	 planet	 GJ436b	 in	Miguel	 et	 al.	 (2014).	We	have	 been	working	










replacing	 hardcoded	 portions	 with	 statements	 that	 will	 work	 for	 planets	 beyond	
Earth.	The	Venus	work	is	primarily	being	done	by	collaborators	at	other	institutions.	











berger,	 on	 getting	Atmos	 to	 compute	 optical	 depths	 for	 any	 given	 species	 to	 help	
streamline	the	mechanism	for	handling	hydrocarbon	aerosol	and	haze	production.		















































where,	t 	=	time,	z 	=	altitude,	and	for	species	i,	ni 	=	number	density	(molecules/cm3),	
Pi	 =	chemical	production	rate	(molecules/cm3/s),	li 	=	chemical	loss	frequency	(s-1),	Φi	 
=	flux,	fi 	=	ni/n	  =	mixing	ratio	(n	  =	∑ni).	Kzz 	=	K (notation	used	in	equations	below)	




































































































long-lived	 species,	 which	 are	 specified	 in	 the	 model	 with	 both	 lower	 and	 upper	
boundary	conditions,	the	model	uses	a	finite	differencing	method	to	compute	the	mix-
ing	ratio	at	each	grid	point	along	the	vertical	grid.		


















































templates	 in	 our	 public	 version,	 it	means	 they	 are	 forced	 to	 maintain	 this	 lower	
boundary	mixing	ratio	throughout	the	atmosphere.	It	does	not	mean	the	gas	is	always	
actually	inert,	it	just	means	the	gas	is	so	well-mixed	throughout	the	column	that	the	




















Re-writing	eq.	2.20	with	xk	=	fij  and	Ek 	=	Eij 	=	Pij/nj ,	where	k	=	i	+	(j-1)(NQ)	and	i	=	
1	to	NQ,	j	=	1	to	NZ,	where	NQ	and	NZ	are	the	total	number	of	species	and	total	no.	of	
equal	height	layers,	respectively,	we	obtain	(2.21)	below,	ready	to	be	solved:	 




































point	 j	 at	 a	 given	wavelength	 depends	 on	 the	wavelength-dependent	 stellar	 flux,	
























































































the	gases	 included	as	a	 function	of	P/T,	 known	as	 the	equation-of-state	 files	 (EOS	
files).	 	The	varying	compositions	come	from	different	metallicity	considerations	or	




culation	points	 (R~1000)	and	 the	pressure	 (P	 =	10n	 Pascal,	where	 -4	<	n	 <	8	and	
Σ(n) = 44)	and	temperature	grid	points	(T	goes	from	100	to	3000K	in	100K	steps)	of	
the	mixing	ratio/EOS	files.	It	can	handle	user-supplied	custom	P-T	and	composition	



























































the	optimal	estimation	 (OE)	 convergence	 scheme	 to	update	 the	parameter	values.	
While	OE	is	sufficient	for	the	high	quality	CIRS	datasets,	we	need	more	robust	meth-








































any	 chemical	 evolution	abilities	or	a	multi-scattering	 scheme	 in	 secondary	eclipse	
modes.	It	must	use	data	fed	in	from	a	standalone	chemical	model	(e.g.	our	Atmos	PHO-
Figure 2.1: An example of degeneracy observed in the hot Jupiter WASP12b retrieval results 
from 6-channel (i.e. IRAC + MIPS photometric channels) Spitzer data (Madhusudhan et al. 
2011).  Several combinations of the atmospheric parameters fit this sparse dataset equally well. 
The temperature profiles used here employ an old, purely mathematical parameterization 
scheme. The purple profile was used as the thermal structure model for the Kopparapu et al. 
2012 WASP12b work, and I use the same profile for the template reproduction in Chapter 3.  
5 
Deciphering Signals from Exoplanet Transits: 






y [mission data] = F(x) [theoretical model from physics + chemistry] + ε [noise]	










Major species gas volume 
mixing ratios (VMR)  
Secondary eclipse depths (data 












































state	x’n+1.	 If	 the	current	solution	 is	a	better	 fit	 than	the	previous	trial,	 the	braking	
parameter	is	reduced	to	compute	the	next	x,	if	 it	is	worse,	λ	is	increased,	and	so	on	











known	exoplanet	parameter	 space,	we	need	 to	use	 convergence	 schemes	 that	 can	



































for	most	molecules.	 So,	while	 the	HITRAN	database	 computed	at	296K	 is	 good	 for	






























































	 	 	 	 	 	 	 	 	 	 			
	
with	 	 	 	 	 	 	 	 	 															(2.30)	
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only	helps	 constrain	 the	 structure	over	 the	altitudes	 thermally	 contributing	 to	 the	
spectrum	(Feng	et	al.	2016).	For	the	other	regions	in	the	grid	with	Nlev	  layers,	the	re-	























Figure 1: The projected timeline for my dissertation project with tentative submission dates for expected publications. Note: SP = Spring Semester, FA = Fall 






Figure 2: Confirmed hot Jupiter exoplanets from high precision photometric follow-up by K2 Campaigns 0 and 1. 
T(P) = (Tint, γ1, γ2, τIR, α, Tirr), where 
τIR !  τIR(κIR, gp, P), Tirr ! Tirr(β, R★, T★, a) 
Profile assumes 1 upwelling IR stream + 2 
independent visible downwelling streams. 
Tint Internal heat flux from outgoing IR stream 
(held constant in Mike Line’s retrievals) 
κIR Grey (P-independent) thermal/IR opacity, 
controls tropopause altitude (retrieved) 
α Partitions solar flux (visible only) between the two incoming streams (retrieved) 
γ1,γ2 Ratios of Planck mean opacities of each visible stream to κIR (retrieved) 
β “Catch-all” scaling term for albedo + emi-
ssivity + day-night redistribution; controls 
net stellar irradiation, so determines equili-
brium temperature of planet (retrieved) 
 
Figure: The analytical radiative equilibrium climate profile for hot Jupiters from Line et al. 2013 (based upon work from Guillot 2010, Hansen 2008, Heng et al. 
2012; Robinson & Catling 2012), with the terms explained on the left. In my work, I also investigated the effect of varying the internal flux temperature. In the 




























 HAT-P-56b/K2-20b 1.466 1.428 6566 (F8) 0.04230 0.86 Huang et al. 2015 
WASP-28b/K2-1b 1.354 1.094 6150 (F8) 0.04469 0.676 Anderson et al. 2015 
















Figure 2.2: My plots of the radiative equilibrium P-T parameterization from Line & Yung 
2013 (from the analytical derivations in Guillot 2010; Hansen 2008; Heng 2012; Robinson & 
Catling 2012). The effect of varying each parameter is shown. If one of the downwelling 
opacities (γ1 or γ2) is much higher than the other, thermal inversion is possible. Under such γ 
dicho-tomy, the troposphere temperature also goes up upon raising the internal flux (which I 
investigated). The degree of inversion depends on how much of the total flux is present in the 
higher γ1 stream. When γ1=	γ2, the same structure is computed, regardless of how the flux is 
distributed. This parameterization forces the uppermost regions to conform to isothermal 
shapes and is thus only valid for equilibrium models. The Parmentier model (used to generate 
the P-T figure from Kopparapu et al. 2018 in Chapter 6) includes additional opacity streams, 
accounting for more processes.  
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ing	months	of	 involvement	 in	NEMESIS	development,	 I	had	made	several	 technical	
discoveries,	such	as	“death	spiral”	scenarios	that	either	break	the	algorithm	or	result	












tains	atomic	absorption	 from	alkali	metals	Na	and	K.	See	Table	3.1	 for	 the	 line	 list	
sources,	taken	from	Barstow	et	al.	(2017),	which	details	the	retrieval	analysis	of	10	
hot	Jupiters	observed	in	transmission	(from	Sing	et	al.	2016).	Parameters	for	He	and	























































as	 “channel-integrated”	k-tables.	This	does	mean	we	need	 to	 compute	k-tables	 for	


























































Figure 3.1: Left: Retrieved P-T profiles shown from Line et al. (2012) HD189733b results 
(uses old HST/NICMOS data from Swain et al. 2009), with the planet’s thermal contribution 
function overlaid. Right: My attempt at replication, which found a slightly higher tropopause   



















Figure 3.2: Forward models 
generated with six different 
input parameter profiles (see 
temperature inset) to obtain a 
priori solutions to initialize 
the MCMC runs on Knutson 
et al. (2008) HD209458b 
Spitzer data.  Here I have 
overlaid my work on a plot 



































To  C h a ra c te r i ze  E x o p l a n e t  A t m o s p h e r e s …  
 
 









N E M E S I S  H i g h l i g h t s  
 
 










B u i l d i n g  th e  M C M C  Fra m e wo r k   
 







 Va l i d a t i o n  &  New  R e s u l ts  See Results section !! 
§  Combines radiative transfer code RADTRAN [to compute F(x)] 
with statistical algorithm [to update state x] in single package.!
§  Pre-calculated correlated k-distribution to compute F(x) (fast!).	
	
	
1.   Retrieval Technique Updates (i.e. to NEMESIS directly):!
Implemented alternate OE convergence criterion (for ill-constrained 
cases). Also added MCMC platform to code. ! (“Hybrid” version) !
2.   Forward Model Updates (i.e. for RADTRAN code): !
Augmented & improved high T k-distribution tables (k-tables). 
Reduced total T parameters in m with parametrized P-T profile.!
"
 "
§ Created new high-res k-tables using: a) new partition functions 
(PTF)7 for individual species w/ improved high T reliability, b) 
newer line lists (CDSD-4000 for T > 2000K), and c) additional 
weaker lines from existing lists (H2O: HITEMP10, CH4: STDS).!
§ Made channel-integrated k-tables to speed up F(x) computation. 
(e.g. 71 data pts., 33s/model ! 1-2s/model; 1M models: 382 d ! 18 d)!
"
        Wrote simplest kind: Metropolis-Hastings w/ Gibbs Sampler.!
T(Tint,	γ1,	γ2,	κIR,	α,	β) [last 5 retrieved, 2 visible down stream +  
1 thermal/IR up stream = total 3 streams, radiative equilibrium] 








Term for albedo + emissivity + 
day-night redistribution"
Stellar input  
@ top of  
atmosphere 
α	 Partitions flux between two down streams (range 0à1) 
Constrain parameters via inverse radiative transfer modeling:!
y [data] = F(x) [physics model] + ε [noise];	x ! our solution!
vector, elements here are the VMRs (total 4) & T(P) values!
!
!
Minimize cost function in numerical retrieval algorithms: !
!
!









Constraining the Structure of Hot Jupiter Atmospheres  
 Using a Hybrid Version of the NEMESIS Retrieval Algorithm  
		
Understanding the formation environments and evolution scenarios of nearby planetary systems requires robust measures for constraining their atmospheric physical properties. Here we have utilized a 
combination of two different approaches, Optimal Estimation (OE) and Markov Chain Monte Carlo (MCMC) [1], as part of the well-validated NEMESIS atmospheric retrieval code [2], to infer a range of temperature 
profiles & gas mixing ratios (VMRs) of H2O, CO2, CH4 and CO from the dayside thermal emission spectra of hot-Jupiter candidates. We have used a parameterized temperature profile [3-5] to retrieve more 
plausible profile shapes. We show retrieval results on published spectroscopic and photometric data [5-7] and compare them with simulations from the upcoming James Webb Space Telescope (JWST) mission. 













   POSTER No. 416.17 	
        Abstract 
      Summary                                                                                                                                                                                                     
How is x	updated?
Compare current 
with previous χ 2  !
“Standard”χ2 (data-based, i.e. driven by y)  !
Departure from the “a priori” xa vector!
Modified x	
Braking Parameter	
OE: single solution; minimize χ 2!
 via Levenberg-Marquardt principle. !
[fast, only ~10s models; HQ data, e.g. solar system]"
Trial!
 x	
Proposed x	MCMC: distribution of solutions !
from random walk; sample wide "
parameter space. [slow, ~100k-1M models 
needed, for LQ data, e.g. exoplanets]" perturb xn	with gaussian!
Current x	
 C a v ea t s  
§ Our JWST simulations ignore systematics (we’re able to remove them, see [8]). Accuracy & sampling resolution 
is also limited by the highest k-table resolution available (5 nm; not high enough to resolve individual features).!
§ P-independent κIR	 is not always a valid assumption for the deep troposphere regions due to increasing P-broadening effects (we generally ignore this for hot Jupiters since IR contribution is negligible in that region).!
§ CHIMERA group [3-5, 7] used sampled (@ 1 cm-1) line-by-line (not correlated-k) [9] for their retrieval work. They 
did not impose upper limits on the retrieved T values, and used smaller lower limits on the opacity terms. We 
imposed T	<	3000K for levels w/ non-negligible thermal contribution as line list validity is questionable > 3000K. 











Ta ke  H o m e  Po i n t s  &  Fu t u r e  Wo r k  
We have successfully utilized a combination of the OE + MCMC techniques for retrievals on low quality exoplanet 
observations. We find that using MCMC alone is sufficient for datasets where size(y) > size(x). We also see that a 
JWST simulated spectra in single observation mode is capable of doing as good of a retrieval job as extended 
coverage. In the future, we would like to include hazes and some analytical radiative-convective treatment10 of the 
P-T	profile for cooler planets, where we see the convective regions, with P-dependent κIR & variable Tint . We also 
want to change the mechanism by which weak line cutoffs are handled in the k-table computation process. We will 
continue to utilize any relevant future high-T spectroscopic line lists, as they become available, for generating 
JWST simulations (multiple instruments and modes) and assess feasibility of exoplanet science. The retrieved 
VMR ranges can be used to constrain C/O & O/H ratios, which may tell us how and where these planets formed. !









































.1=1000.2,,=0.0 (All S1) 
.2=0.01,5IR=0.03
TINT = 0K
TINT = 500KTroposphere !
	T   w/ Tint	
γ1 ≠ γ2 profiles alter drastically!
w/ α, if γ1 > γ2 inversion possible!
Effective !
T    w/ β	
For !
γ1 >> γ2, 	
thermal inversion!
if stream 1 flux > 0	
If γ1 = γ2 profile shape is invariant!
to α (i.e. to flux distribution) !
κIR controls !tropopause level!
10-3
M F d M d l f HK08 d @ k bl R
Fwd Model Apriori 1 High-Res
Fwd Model Apriori 2 High-Res
Fwd Model Apriori 3 High-Res
Fwd Model Apriori 4 High-Res
Fwd Model Apriori 5 High-Res
Fwd Model Apriori 6 High-Res
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  give these input 
profil s. α & κIR	both need t  be ~lower 
limit to produce enough 
upper atmosphere 
emission to fit data."
CDSD4000: 
Inclusion  
























cut-off @ 20%      
CDSD4000: 
Inclusion  
























cut-off @ 20%      
CDSD40 : 
Inclusion  
























cut-off @ 20%      
  
  CDSD - 4000 (new)!
With T    no. of weak lines included !
! total opacity increases as well, in both low and high P	









)! T = 2050K, Low P! T = 2800K, Low P! T = 2800K, High P (~2 bar)!
High T: Effect of Improved PTF 
10 

















0-11 um region shown, T increasing left to right (same P) !!!
Using Old PTFs ! transmission    (opacity    ) w/ higher T …!
New PTFs ! transmission    (opacity    ) w/ higher T as it should! Old PTF wrong! !
Fig. Transmission plots for CH4 & CO2 at a few different T & P values, demon-
strating the effect of using the new PTFs & including weaker lines (increasingly 
important with higher T). In order to save months worth of computation time 
when dealing with the largest databases (e.g. CDSD-4000), we omitted the 
weakest lines via imposing some % cutoff criteria, prior to k-table construction. !
Fig. F(x) generated with six different xa’s to 
obtain a priori solutions for initializing parallel 
MCMC runs on the Knutson et al. ’08 HD209458b 
spectra (overlayed on published results here).                    !
Temperature (K)
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  Temperature (K)!
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From NIRSPEC 1 
only (1.7-2.9 um)!
Fig. Simulated spectra of HD189733b in NIRSPEC 1 & 2 modes, along with the retrieved 
profiles (VMRs seen to span ~0.8 log space). NIRSPEC 1 alone retrieves the same profile 
as the combined case. So we don’t learn anything new from 2 in this particular case.!
My results show 
slightly higher  
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Wh a t ’s  New ?  R e tr i e va l s  o n  JWST NIRSPEC S i m u l a ted  S p ec tra  
Wavelength (m)

















































NIRSPEC 1 + 2 
Combined!
      1.7        2.0                         3.0                 4.0           5.0!
Wavelength (um)!
Fig. Behavior of the analytical radiative equilibrium P-T profile.  !
Fig. Validating hybrid version by attempting 
to replicate the HD189733b retrieval in [3] 









































Fig. Testing hybrid version on the more recent 
HD189733b dataset from [6] (reanalyzed 
version of the above NICMOS spectroscopic 
data + the six Spitzer photometric channels).!
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Retrieved & Input P-T Profiles from JWST/NIRS EC Simulations!
DISCUSSION
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NIRSPEC 1:  




(3-  ) 
Figure 3.3: NIRSPEC simulations of HD189733b dayside emission in two different instru-
ment modes. Since NEMESIS cannot presently handle datasets larger than 1024 points, the 
simulations shown have been binned to a variabl  resolutio  of R~100 to 200 for both G235 
and G395 gratings—mimicking NIRSPEC’s LRS/prism capability whe  combined (full 1.7-
5 µm). Forward model spectra (top right, in black), simulations created from that model (top 
right, in blue), and best-fit retrieved spectra (in red) are shown for the combined case. The 
constant volume mixing ratio values retrieved with NEMESIS MCMC are also shown (bot-
tom panel). Retrieved P-T profile statistics are also shown in red (top left), but for the separate 
instruments as well as the combined 1.7-5 um case. The P-T plots show that the 1.7-2.9 µm 
mode alone retrieves the same profile as combined (LRS) case. Such behavior may help us 
devise strategies for follow-up observations by indicating the dominant species.  
 






























Figure 3.4: Results from my NEMESIS retrievals on the HD189733b Barstow et al. (2013) 
data (data sources: Spitzer IRS & MIPS, and the Swain et al. (2009) HST/NICMOS data re-
analyzed). I did this to test my new MCMC and P-T parameterization additions to NEMESIS. 
My retrieved volume mixing ratios matched the ranges given in recent literature using this 
dataset with similar methods. We could only get an upper limit on CH4 abundance, which 




























































ences	 therein)—to	 investigate	 coupled	 chemistry	 of	 CHNO	 species	 on	 both	










fected	due	 to	their	strong	bonds	and/or	efficient	 recombination.	 In	addition,	 large	




The	 explanations	 above	 are	 also	 responsible	 for	 the	 differences	 from	

























NH3	in	WASP-31b	 (2.2σ),	 HCN	 in	WASP-63b	 (2.3σ),	 and	 excess	 absorption	 in	 HD	
209458b	likely	from	NH3.	These	features	should	soon	be	detectable	with	JWST.		
The	Moses	et	al.	(2011)	study	also	suggests	that	photochemically-formed	soot	











new	 condensible	 products	 can	 result	 from	 EUV-induced	 upper	 atmosphere	 pro-
cesses,	which	can	obscure	 important	observers	as	mentioned	 in	Chapter	1.	Clouds	
and	hazes	all	kinds	of	exoplanetary	and	brown	dwarf	atmospheres	(Morley	2016)	can	
originate	 from	condensation	 chemistry	as	well	 as	photochemistry.	Wakeford	et	 al.	
(2014)	examined	expected	cloud	condensate	species	for	hot	Jupiters	and	the	impact	
 77 





































The	 composition	on	 the	nightside	was	quenched	 to	 the	dayside	 composition.	 Such	
longitudinal	 homogeneity	 of	 chemical	 composition	was	 achieved	 due	 to	 the	 zonal	
wind	being	strong,	particularly	 for	HD189733b	for	 lacking	thermal	 inversion.	This	
means	changes	in	the	emission	spectra	with	phase	barely	depend	on	the	composition,	



































































Figure 3.5: My attempted replication of the WASP12b model from Kopparapu et al. (2012) 
within Atmos for solar [C]/[O]. Each panel shows the equilibrium chemistry profiles (dotted 
curves)–used as the initiating (input) mixing ratio profiles within Atmos—and the steady-
state profiles computed by the photochemical model (solid curves). To generate the equilib-
rium chemistry profiles, I used a generalized version of the script that was used to generate 
them for Kopparapu et al. (2012). The script uses the equilibrium chemistry principles from 
White et al. (1958) and convergence testing from Eriksson (1971), given user-supplied P-T. 
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HD189733b (Solar C/O) w/ Atmos






















Figure 3.6: Steady-state mixing ratios computed by Atmos PHOTOCHEM for the 
HD189733b template, assuming solar [C]/[O] (for the equilibrium chemistry calculation). 
While this template has the same number of species as the WASP12b template above, 










with	enhanced	stratospheric	water	vapor	 (fH2O	>	10-3)	 and	 low	Earth-like	 surface	




UV	 would	 affect	 its	 detectability	 in	 transmission	 spectroscopy.	 Temperature	 and	
water	vapor	profiles	are	taken	from	published	3-D	climate	model	simulations	for	an	
IHZ	Earth-sized	planet	around	a	3300	K	M	dwarf	with	an	N2-H2O	atmosphere;	they	
serve	 as	 self-consistent	 input	 profiles	 for	 the	 1-D	 model.	 We	 explore	 additional	

















coverage	 requirements	 to	 constrain	extrasolar	planetary	atmospheric	 composition	
with	unprecedented	accuracy.	 









unobserved	 region—the	 troposphere—is	 able	 to	 communicate	 with	 the	 upper	
 85 
regions	probed	by	our	space	 infra-red	(IR)	 instruments.	 In	 the	uppermost	regions,	
the	high	ultra-violet	(UV)	instellation	(i.e.	stellar	insolation	from	stars	other	than	the	
Sun)	 can	 lead	 to	 photolysis	 and	 increasing	 depletion	 in	 the	 abundances	 of	 some	
molecular	 species.	 Planets	 with	 equilibrium	 temperatures	 below	 1200K	 (i.e.	 they	
receive	<	340-400	times	the	Earth-equivalent	instellation	So,	using	geometric	albedo	
range	of	0.01-0.15	from	Heng	&	Demory	(2013)),	have	been	shown	to	have	the	most	
obvious	 signs	 of	disequilibrium	via	 chemical	 kinetics	modeling	 (Liang	 et	 al.	 2003,	
2004;	Zahnle	et	al.	2009b,a;	Line	&	Yung	2013;	Moses	et	al.	2011,	2013;	Visscher	&	
Moses	2011;	Kopparapu	et	al.	2012;	Hu	et	al.	2012;	Miller-Ricci	Kempton	et	al.	2012).	 
Disequilibrium	 mechanisms	 play	 a	 noticeable	 role	 in	 altering	 atmospheric	
composition	 at	 altitudes	 probed	 by	 remote	 sensing	 techniques.	 Disequilibrium	





Seager	 2013;	Mbarek	&	Kempton	2016;	Arney	 et	 al.	 2017;	Heng	&	Demory	 2013;	





































pheric	 model	 that	 includes	 chemical	 kinetics	 (including	 photolysis)	 and	 vertical	
mixing.	 We	 explore	 the	 influence	 of	 UV	 irradiation	 on	 the	 composition	 of	 the	
atmosphere	at	the	planet’s	terminator	(simulated	by	a	3-D	climate	model),	which	is	
probed	 by	 transit	 transmission	 observations.	 We	 consider	 a	 1-D	 model	 column	
extending	 above	 the	 stratosphere	 to	 explore	 chemical	 complexity	 from	
photochemical	 disequilibrium	 and	 its	 impact	 on	 observing.	 We	 look	 for	 any	

























fed	 to	 the	 photochemical	model,	 but	 the	 output	 from	 the	 latter	 does	 not	 provide	
feedback	into	the	GCM.	Currently,	there	is	no	3-D	model	available	with	full	chemical	





The	 GCM	 is	 the	 Community	 Atmosphere	 Model	 (CAM),	 developed	 by	 the	
National	Center	for	Atmospheric	Research	(NCAR)	to	simulate	the	climate	of	Earth	
















Figure 4.1: Our 3-D to 1-D "pseudo" coupling method shown above with the inner workings 
of the Atmos 1-D photochemistry indicated. Within the 1-D model, steady state mixing ratios 
are computed for species included in the template from user-supplied a) boundary (surface + 
TOA) conditions for those species, b) relevant chemical reactions involving them, and c) Eddy 























spatial	 averaging	 methodology	 factors	 the	 difference	 in	 grid	 box	 sizes	 between	
equator	 to	 pole,	 and	 the	 profiles	 are	 averaged	 equally	 amongst	 all	 terminator	
columns.	 The	 multi-earth	 year	 temporal	 means	 spanned	 5	 Earth	 years	 (i.e.	 ~90	
orbits),	so	 temporal	variability	 is	small.	 Spatial	 variability	at	 the	model	 top	 is	 also	
generally	small,	generally	less	than	a	factor	of	1.5	to	2.	Orders	of	magnitude	is	what	
matters	 for	 our	 results	 in	 this	 study,	 and	 since	 this	 is	 small	 for	 both	 variabilities,	
neither	are	significant	for	our	study.	So,	the	averaged	profiles	suffice	for	our	purpose.	
We	use	the	planetary	terminator	results	of	the	3300	K	model	star	irradiating	




edge	of	 the	HZ,	 the	 runaway	greenhouse	effect,	 and	 stratospheric	H2O.	The	model	





due	 to	 reduction	 in	 the	 convection	 transporting	 moisture	 up.	 Temperatures	 rise	
rapidly	as	the	planet’s	surface	is	then	suddenly	exposed	to	the	higher	incoming	stellar	
irradiation.	A	large	top	of	atmosphere	(TOA)	energy	imbalance	is	maintained,	and	the	
increasingly	 strong	water	 vapor	 greenhouse	 prevents	 the	 planet	 from	 radiatively	
cooling	(please	see	Figures	6,	7	and	8	from	Kopparapu	et	al.	(2017)).	
For	 planets	 orbiting	M	 dwarf	 stars	with	Teff	 ≤	 3000	K,	 atmospheres	 tran-
sitioned	 from	 mild	 climates	 with	 little	 stratospheric	 water	 vapor	 directly	 to	 a	




photochemical	 models	 for	 our	 planet-star	 pair).	 For	 stars	 with	 Teff	 ≥	 3300	 K,	
Kopparapu	et	al.	 (2017)	 found	that	 the	planets	can	maintain	a	stable	moist	green-
house	regime	with	their	climate	remaining	stable	against	a	runaway	greenhouse.	For	
our	 study	here,	we	 choose	 a	 stable	moist	 greenhouse	 state	 around	 a	 3300	K	 star.	
Detections	around	a	3300	K	star	will	be	easier	than	those	around	larger	hosts	because	
a	smaller	star	means	larger	transit	signals,	and	a	shorter	orbital	period	means	that	
more	 transit	 observations	 can	 be	 stacked	 together	 in	 a	 shorter	 period	 of	 time,	
improving	signal	to	noise.	The	3300	K	star	was	thereby	the	sole	case	for	which	spectra	
were	 shown	and	 implications	 for	MIRI	observations	discussed	 in	Kopparapu	et	 al.	
(2017).	So,	we	are	able	to	compare	to	those	results	directly	in	Section	4.4.		
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1015 Inactive/Low UV (Model 3300K Star)High UV (Scaled by Atmos AD Leo)
Medium UV 1 (Scaled by MUSCLES GJ581)
Medium UV 2 (Scaled by Atmos GJ876)






UV-quiet	 model	 flux	 data,	 after	 binning	 our	 stellar	 data	 to	 a	 predefined	 coarser	
wavelength	 grid	 used	 by	 default	 in	 Atmos	 (see	 Figure	 4.2	 grid).	 The	 "stitching	
together"	is	done	by	scaling	the	stellar	data	(up	to	3950	Am ),	such	that	the	value	at	3950		
Am 	matches	 the	model	 star	 value.	 In	 sum:	 shortward	 of	 3950	Am ,	we	 use	 the	 scaled	
extracted	data;	longward	of	3950	Am ,	we	use	the	model	star	flux.	Atmos’	spectral	data-
base	 stores	unscaled	 stellar	 flux	data	as	Earth-equivalent	 incident	 flux	values	 (So)	
(red	spectrum	in	Figure	4.2).	This	means	that	the	overall	incident	flux	at	the	top	of	
the	atmosphere	is	1.213	times	the	fluxes	shown	in	Figure	4.2.	 
The	AD	Leo	 (spectral	 type:	M3.5V)	 and	GJ876	 (M4V)	 spectra	 (France	 et	 al.	
2012,	2013)	have	been	used	 in	 several	 recent	1-D	simulation	 studies	of	planetary	






Figure 4.2: Top Panel: Earth-equivalent spectral energy distribution is shown for the inactive 
model star, with the four synthetically constructed < 3950 Å profiles overlaid. The spectra 
result from binning the original high-resolution data over the Atmos wavelength grid for the 
UV cross-section data, after converting the flux density units from ergs cm-2 s-1 Å-1 to photons 
cm-2 s-1 Å-1 as expected by Atmos. The UV scaling boundary is marked at 3950 Å by the 
purple vertical line. Since we use real stellar UV data for the scaling, the difference amongst 
the profiles is not particularly dramatic after the binning. Earth-equivalent fluxes are obtained 
by taking the original stellar data and dividing by the solar constant. Bottom Panel: available 










uses	 second-order	 centered	 finite	differences	 in	 space.	The	 system	of	 equations	 is	
explicitly	 formulated	 as	 time-dependent	 equations	 that	 are	 solved	 implicitly	 by	 a	
time-marching	algorithm.	The	model	is	run	to	steady	state	to	obtain	the	final	mixing	






of	 years,	 assuming	 constant	 boundary	 conditions.	 These	 boundary	 conditions	 can	
































It	 is	 worth	 pointing	 out	 here	 that	 while	 we	 do	 have	 the	 ability	 to	 model	
hydrocarbon	 hazes	 within	 the	 Atmos	 framework,	 we	 do	 not	 include	 them	 in	 our	
study.	 The	 CH4/CO2	 ratio	 determines	 haze	 formation.	 Hydrocarbon	 organic	 hazes	
only	form	for	CH4/CO2	ratios	>	0.1	(actually	closer	to	0.2).		In	our	atmospheres,	we	
have	modeled	CO2	abundance	as	a	constant	360	ppm	value,	while	CH4	is	allowed	to	


























































Table 4.2: Some key species in our photochemical model 
template and their lower boundary conditions 
 
 100 
Note: Starting boundary conditions are fixed surface deposition efficiency ("νdep"), constant 
mixing ratio ("fCO2"), fixed mixing ratio at the surface ("fixedN2"), or constant upward flux 
("flux"); the first three quantities are dimensionless, fluxes are in molecules cm-2 s-1. H2O 
concentration below the tropopause is held at the input H2O values from the GCM. H2 is 
defined by both νdep and a vertically distributed upward flux value over a height of disth (in 
km). A range is given for H2 flux value as it is the only condition allowed to vary across the 
five cases to ensure redox balance in the oceans (Harman et al. 2015). S-based species (H2S, 
HS, S, SO, SO2, H2SO4, HSO, S2, S4, S8, SO3, OCS, S3, SO4 and S8 aerosols) are not shown in 
this list. While they are retained from the validated Modern Earth template’s list to assure 
convergence, extremely low arbitrary boundary values are given to keep their presence 

























global	 average	 chemistry	 has	 been	 determined	 to	 be	 50°.	 To	 our	 knowledge,	 no	
systematic	 study	 has	 demonstrated	what	 the	 proper	 zenith	 angle	 is	 for	 a	 tidally-
locked,	synchronously	rotating	world.	Furthermore,	it	is	unclear	how	to	account	for	
the	impact	of	dynamics	at	the	terminator	of	such	planets	through	the	use	of	a	single	
zenith	 angle.	 In	 these	 close-in	 planets,	 much	 of	 the	 chemistry	 will	 be	 driven	 by	
photolysis	at	the	substellar	point	to	create	species	that	are	then	pushed	to	the	night	
side	of	the	planet	by	strong	zonal	winds	(for	example,	see	Figure	11	in	Haqq-Misra	et	
































ratios	 and	 the	 mean	 terminator	 P-T	 profile.	 Our	 P-T	 profile	 is	 much	 more	 finely	
sampled	 than	 Exo-Transmit’s	 opacity/chemistry	 grid.	 During	 each	 run	 of	 Exo-
 103 


























Figure 4.3: Steady-state mixing ratio profiles computed by the photochemical model are 
shown for all varying nontrace species of interest. 1-D model input for the terminator mean 
H2O (dotted black line in the H2O panel), and P-T (plotted in the first panel) profiles from the 
GCM simulation are shown next to each other for interpretation. With the exception of the H2 
and H2O panels, all other species are shown on the same wide mixing ratio scale for easy visual 
comparison. Relativity humidity profiles from the 1-D model for the resulting atmospheres are 
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for	 the	 inactive	 star	 (red	 profiles	 in	 Figure	 4.3).	 As	 UV	 increases,	 we	 see	 higher	
abundances	in	all	three	species,	especially	O2	and	O3,	although	their	presence	remains	
below	 detectable	 levels.	 At	 high	 altitudes,	 both	 O	 and	 O2	 generally	 increase	 in	
concentration,	 consistent	 with	 having	 a	 photolytic	 source.	 O2	 maintains	 a	 high	
abundance	 (for	 an	 anoxic	 atmosphere)	 throughout	 the	 column	 for	 the	 highest	UV	
cases	 as	 the	 stellar	 UV	 flux	 is	 relatively	 high	 between	 1300	 and	 1500	 Am .	 The	 O2	
photolysis	cross-section	curve	peaks	here,	while	O3	photolysis	cross-section	values	
remain	 large.	 Although	 far	UV	 activity	 is	 important	 for	O3	 production,	O3	 remains	
somewhat	 minor	 throughout	 the	 atmosphere	 even	 for	 the	 highest	 UV	 case.	 O3	 is	
produced	in	the	model	by	the	three-body	reaction	O	+	O2	à	O3	and	this	is	the	only	
 106 








































atmosphere.	 This	 implies	 we	 may	 be	 able	 to	 quantify	 atmospheric	 N2	 from	 this	
feature’s	strength	in	a	cloudless	atmosphere.	As	evident	from	the	two	spectra	shown	


























(left	 panel	 of	 Figure	 4.5).	 In	 the	 upper	 atmosphere	 above	 the	 substellar	 cloud	
altitudes,	 there	 is	 no	 reason	 for	 the	 planet-wide	 vertical	mixing	 driven	 by	 strong	
convection	 to	 continue	 dominating.	 Thus,	 photochemistry	 can	 dominate	 here,	







and	 1	 bar,	 close	 to	 the	 surface	 as	 expected.	 The	 cold	 trap	minimum	 is	 also	 found	






as	 part	 of	 our	 spectral	 analysis.	 We	 see	 the	 impact	 of	 such	 water	 clouds	 in	 the	












the	 spectrum	of	 the	default	 case	with	no	 clouds,	 and	the	spectrum	 for	a	 cloud-top	








computed	 by	 Exo-Transmit	 for	 wavelengths	 shorter	 than	 4	 μm;	 Exo-Transmit	
computes	 a	 larger	 apparent	 size	 for	 these	 planets	 than	 SMART	 in	 the	 near-IR.	






do	 not	 vary	with	wavelength.	 However,	 SMART	 has	wavelength-dependent	water	








































Using CAM4 GCM results (SMART, cloud deck ~0.05 bar)
Using CAM4 GCM results (Exo-Transmit): no clouds
Using CAM4 GCM results (Exo-Transmit): 0.05 bar cloud top










w/ CAM4 GCM results (SMART, cloud deck ~0.05 bar)
w/ V. High UV results (Exo-Transmit): cloudless
w/ V. High UV results (Exo-Transmit): 0.05 bar cloud-top
w/ CAM4 GCM results (SMART, clou   .05 bar)
w/ CAM4 GCM results (Exo-Transmit): no clouds









of	 the	 0.05	 bar	H2O	 abundance,	 the	much	 higher	 CO2	 transit	 depth	 signal	 is	 note-
worthy	for	future	observing	efforts.	 

























































We	 find	 that	 as	 long	 as	 the	 atmosphere	 is	 well-mixed	 up	 to	 1	 mbar,	 H2O	
strengths	observed	in	transit	spectra	should	remain	unaffected	by	UV	activity.	How-
ever,	for	the	inactive	model	star,	transit	depths	are	larger	due	to	contributions	from	
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duced	 in	atmospheres	containing	some	 level	of	O2.	O3	 is	also	easier	 to	quantify	via	
transit	 detections	 in	 the	MIR,	whereas	O2	 features	 are	 common	over	 UV	 and	 NIR	





































LOOS	 and	 other	 surveys	 will	 have	 yielded	 dozens	 of	 temperate	 planets	 around	
mid/late	M	dwarfs	within	a	15-parsec	distance,	and	these	candidates	will	have	been	
further	studied	and	vetted	by	JWST	observations	in	the	coming	decade.		
OST’s	 MIR	 Transit	 Spectrometer	Module	 (MISC	 TRA)	will	 obtain	molecular	
transitions	of	CH4,	O3,	H2O,	CO3	and	N2O	from	these	atmospheres.	These	biosignatures	






























Figure 5.1: Spectra panels: Spectra shown over 8.5-10.5 µm for our results from Chapter 4. 
The wavelength range longer than what we showed in Chapter 4 and includes the 9.6 µm ozone 
feature. We maintain the same color convention as Chapter 4. The top panel shows the ozone 
spectral contribution at 9.6 µm for all five different UV cases. The panel immediately below 
(with individual species removed) show that we do not find any ozone for the inactive star as 
we expect. Panels below show that we can possibly get 5-10 ppm of ozone for Medium UV 2 
(third panel) and Very High UV (fourth panel) cases. These cases have the most O3 in the lower 
atmosphere according to the mixing ratio plots. Bottom/Mixing ratio panel: Extracted from the 
mixing ratio figure in Chapter 4, these show the CH4, O3 and OH profiles for the methane 




















































































































The	 Virtual	 Planetary	 Laboratory’s	 Atmos	 is	 a	 coupled	 1-D	 photochemical	





PHOTOCHEM	module	 for	 this	 study.	The	 input	mixing	 ratio	 file	 is	merely	a	place-
holder;	 the	 steady	 state	mixing	 ratio	profiles	are	 computed	 from	boundary	 condi-
tions,	diffusion	parameters,	and	2-body	and	3-body	chemical	reactions	specified.	
The	constant	boundary	conditions	can	include	biological	gas	fluxes,	volcanic	



































































a	 probability	 distribution	 for	 the	 likelihood	 of	 the	methane	 production	 rate	 in	 an	







































simulation	 result	 corresponding	 to	 S	 =	 1.213So	 (a	 ~0.085-0.088	 AU,	 from	 albedo	
range	0	to	0.12).	We	chose	this	from	the	set	of	runs	for	the	3300K	star	(i.e.	the	smallest	
M	dwarf	in	the	sample	with	computed	moist	regime	atmospheric	states),	as	this	con-




































For	the	 lowest	 instellation	case,	 the	entire	planet	 is	below	freezing	temper-
atures	 (see	Table	5.1).	However,	Wolf	 et	 al.	 (2019)	 shows	 that	 the	 simulated	cold	
planets	(the	cases	subjected	to	only	1088	and	688	W/m2	instellation	fluxes)	maintain	






































S = 1.176So = 1600 W/m
2 S = 1.103So = 1500 W/m
2 S = 1.029So = 1400 W/m



























Table 5.1 Summary of planetary parameters from the GCM simulations for the 
four lower instellation cases we use as input in the photochemical model… 
Parameter Value 









Surface Pressure1 1.007 bar 1.006 bar 1.006 bar 1.006 bar 
Surface Temperature1,2 257 K 250 K 243 K 213 K 
Surface Albedo1 0.17 0.21 0.24 0.32 
Period 20.03 days 21.02 days 22.14 days 26.75 days 











1These are planetary terminator mean values, not global mean of substellar point values.  
2For reference, substellar surface temperatures are 279K, 275K, 272K and 258K, respectively.  
3For our original S = 1.213So = 1650 W/m2 case, the tropopause is at 2.08 mbar (44 km).  
	
Table 5.2 Species boundary conditions and Kzz profiles in photochemical model 
Parameter Value 









N2 (fixedN2 value)1 0.9928 0.9945 0.9956 0.9985 
To balance flux(CH4)2 
of: 
H2 surface flux/flux(H2) range (for UV-active cases only) 
5×108 (0.13 Tmol yr-1) 2.6×109-4.4×109 1.2×109-3.7×109 5.9×108-2.0×109 5.2×106-2.1×108 
1×109 (0.27 Tmol yr-1) 2.6×109-4.4×109 1.2×109-3.7×109 6.1×108-2.0×109 9.8×106-2.2×108 
5×109 (1.33 Tmol yr-1) 2.7×109-4.4×109 1.3×109-3.7×109 6.9×108-2.0×109 5.9×107-2.4×108 
1×1010 (2.7 Tmol yr-1) 2.9×109-4.5×109 1.4×109-3.8×109 7.9×108-2.0×109 9.8×107-2.8×108 
Other species Boundaries unchanged from Table 4.2 of Chapter 4 
Kzz profile bounda-















1We fix the lower boundary mixing ratio to the maximum N2 mixing ratio value from the GCM.  
2This is the flux (in molecules cm-2 s-1) of the species going into the atmosphere from the bottom. 
3The top and bottom Kzz values (in cm2 s-1) are constants we maintain at the top and bottom of the at-



















































































S = 1.176So = 1600 W/m
2
Kzz for:
S = 1.103So = 1500 W/m
2
Kzz for:
S = 0.8So = 1088 W/m
2
Kzz for:
S = 1.029So = 1400 W/m
2
 135 







































order	 increments	of	 increase.	The	two	spectra	are	obtained	by	 first	computing	the	
spectrum	for	the	case	shown	with	opacities	from	every	contributing	species	included,	
followed	by	another	spectrum	with	CH4	opacity	off,	and	then	a	third	one	separately	










present	over	 the	 two	adjacent	 ranges,	but	have	 comparatively	 small	 contributions	
when	there	is	a	noteworthy	ozone	feature.	The	leftmost	panel	is	given	as	a	reference	

































sansen-Totton	 et	 al.	 2018).	 This	means	 for	 the	Medium	UV	 2	 star	 irradiating	 the	
planet	at	1650	W/m2,	we	should	be	able	to	detect	both	ozone	and	methane	assuming	
a	spectrophotometric	stability	of	at	least	5	ppm	in	OST’s	MISC	transit	spectrometer	





Figure 5.3: Top Panels: Spectral features residuals for the Medium UV 2 star, to show signal 
from methane and ozone separately over IR wavelengths where they are maximized (gray is 
for methane and purple is for ozone). The O3 residuals are shown in the rightmost column, 
while the other two columns show CH4 residuals. As per Chapter 4 convention, the data has 
been smoothed over 15 points (R~65) from the native Exo-Transmit resolution of ~1000 to 
show the essential features in the spectrum. The middle and right columns show MIR features 
(i.e. over OST’s bandpass). The NIR wavelength range provided on the left column is the range 
containing the largest methane features. Methane flux increases from top to bottom in incre-
ments of half order magnitude from 108 through 1010 molecules cm-2 s-1. The red rectangular 
border marks the flux(CH4) case for which simultaneous detection appears possible. Bottom 
panels (next page): Same type of information has been presented here as the preceding figure 
for the same star, but for a selected narrower range of flux(CH4) values corresponding to where 
the signals from both CH4 and O3 are maximized. We can conclude that the signals are largest 
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Figure 5.4: Spectral feature contribution residuals for the inactive/low UV/model star case, 
resulting from blackbody-only UV levels. This is presented with same convention as previous 









Figure 5.5: Spectral feature contribution residuals for the Medium UV 1 star presented with 























































Figure 5.6: Spectral feature contribution residuals for the High UV star—our second highest 
UV case—presented with same convention as previous plots. Both methane and ozone remain 
below minimum detection threshold despite increasing methane flux. This is also the case with 
the least amount of atmospheric methane for higher methane fluxes. This particular result 
demonstrates that overall stellar UV (FUV-NUV-MUV) activity can be higher than a less ac-




















is	 also	 computed.	This	 case	gives	 the	 largest	 simultaneous	signals	of	methane	and	







Figure 5.7: Spectral feature residuals we compute for the highest activity star from Chapter 
4/Paper I (Very High UV). Even for our usual uppermost methane flux of 1010 molecules cm-2 
s-1, methane remains below 4 ppm. This stellar profile produces the most ozone, as we saw in 
Figure 5.1, and the ozone abundance does not appear to decrease with increasing methane flux 
as dramatically within our selected nominal methane flux variation range, but is primarily dic-
tated by the high level of photochemical activity. For this Very High UV case only—our high-
est UV case—we allow the methane flux to continue increasing to 1011 molecules cm-2 s-1 in 





previous	 section,	 but	 for	 decreasing	 instellation.	We	present	 a	 comprehensive	 set	





In	 the	spectra	 figure	 for	a	given	instellation,	we	show	only	the	MIR	range	and	as	a	
single	panel	this	time,	and	show	four	bordered	boxes	(for	the	four	different	active	UV	





























thane	 only	 and	 no	 ozone	 for	 the	 Medium	 UV	 1	 star,	 simultaneously	 detectable	
 150 






















methane	 fluxes,	while	 finding	lower	quantities	of	O3	at	a	given	methane	 flux,	but	a	
 151 
higher	quantity	of	methane	at	that	same	methane	flux,	which	is	why	the	computed	

























Figure 5.8: Spectral contribution of O3 and CH4 generated using the Atmos-computed mixing 
ratios shown for the GCM instellation case of S/So	= 1.176 = 1600 W/m2 as input. Going from 
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for the Medium UV I (green border), Medium UV 2 (magenta border), High UV (blue border), 
and Very High UV (black border) stars, respectively. We do not show plots for the inactive 
case; as per our results from the default instellation case of S/So	= 1.213 = 1650 W/m2, covered 
in preceding plots and in Chapter 4, the inactive star causes negligible accumulation of photo-
chemically generated species. This continues to be true for other instellations as predicted.  
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Figure 5.9: The mixing ratio profiles, from the photochemical model, responsible for the pre-
ceding spectra figure for instellation S/So	= 1.176 = 1600 W/m2. Other species most relevant 
to the O3 and CH4 abundances (last two columns) in the atmosphere have also been included 
for comparison. For the mixing ratio axis, we have chosen a scale spanning 12 orders of mag-
nitude for each species to facilitate direct visual comparison, but we let the range differ from 
one species to another (e.g. H2O vs its photolytic byproduct OH). We also show H2 mixing 
ratio panel to show the mixing ratios that result from the H2 flux value that was required to 
fulfill redox balance in both atmosphere and ocean (see Table 5.2 for the values). In O3 panels 
where the red curve—i.e. the profile that corresponds to the inactive/low UV star case—is 
missing, it indicates that the profile values are all < 5×10-20. 
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Figure 5.10: Spectral contribution of O3 and CH4 corresponding to the instellation case of S/So	
= 1.103 = 1500 W/m2 shown. Our layout here (and our reasoning for exclusion of inactive star 







H2 Mixing Ratios (Input)















10-18 10-16 10-14 10-12 10-10 10-8 10-6
H2O Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
Temperature (K)
160 180 200 220 240 260 280
O3 Mixing Ratios
10-20 10-18 10-16 10-14 10-12 10-10
CH4 Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
CH4 flux =
1 x 109
H2 Mixing Ratios (Input)















10-18 10-16 10-14 10-12 10-10 10-8 10-6
H2O Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
Temperature (K)
160 180 200 220 240 260 280
O3 Mixing Ratios
10-20 10-18 10-16 10-14 10-12 10-10
CH4 Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
CH4 flux =
5 x 109
H2 Mixing Ratios (Input)















10-18 10-16 10-14 10-12 10-10 10-8 10-6
H2O Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
Temperature (K)
160 180 200 220 240 260 280
O3 Mixing Ratios
10-20 10-18 10-16 10-14 10-12 10-10
CH4 Mixing Ratios
10-14 10-12 10-10 10-8 10-6 10-4 10-2
CH4 flux =
1 x 1010
Figure 5.11: The mixing ratio profiles, from the photochemical model, responsible for the 
preceding spectra figure for instellation S/So	= 1.103 = 1500 W/m2. Other species most relevant 
to the O3 and CH4 abundances (last two columns) in the atmosphere have also been included 
for comparison. Just as the previous mixing ratio figure, we have chosen mixing ratio scales 
spanning 12 orders of magnitude for each species, but let the range differ from one species to 
another (e.g. H2O vs its photolytic byproduct OH) as different species span different ranges. 
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Figure 5.13: The mixing ratio profiles, from the photochemical model, responsible for the 
preceding spectra figure for instellation S/So	= 1.029 = 1400 W/m2. Other species most relevant 
to the O3 and CH4 abundances (last two columns) in the atmosphere have also been included 
for comparison. Other conventions are identical to the preceding Figures 5.9 and 5.11.  
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these	atmospheres	 lose	a	 lot	of	 these	key	species,	 the	OH	released	 into	the	atmos-
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Figure 5.14: Spectral contribution of O3 and CH4 resulting from the mixing ratios for the low-
est instellation case, with S/So	= 0.8 = 1088 W/m2 case shown. This is the highest instellation 
case we have from the GCM data for S < So, and with very low abundances of water compared 









	 We	have	applied	 the	methodology	of	our	work	detailed	 in	Chapter	4	 (Afrin	
Badhan	et	al.	2019)	to	do	a	follow-up	study	on	those	atmospheric	states	(i.e.	an	Earth-
like	aquaplanet	irradiated	at	S	=	1.213So	from	a	3300K	M	dwarf	star),	with	increasing	
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Figure 5.15: The mixing ratio profiles, from the photochemical model, responsible for the 
preceding spectra figure for instellation S/So	= 0.8 = 1088 W/m2. In O3 panels where the red 
curve—i.e. the profile that corresponds to the inactive/low UV star case—is missing, it indi-
cates that the profile values are all < 1×10-19. Other conventions are identical to the preceding 
mixing ratio panel figures. 
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Detectables è ˜5 ppm CH4? ˜5 ppm O3? Simultaneous (O3 + CH4)? 
S	= 1650 W/m2 = 1.213So	(GCM simulation case in Paper I/Chapter 4) 
Medium UV 1 ✔ ✘ ✘ 
Medium UV 2 ✔ ✔ ✔ 
High UV ✘ ✘ ✘ 
Very High UV ✔* ✔ ✔* 
S	= 1600 W/m2 = 1.176So 
Medium UV 1 ✔ ✘ ✘ 
Medium UV 2 ✔ ✔ ✔ 
High UV ✘ ✘ ✘ 
Very High UV ✔* ✘ ✘ 
S	= 1500 W/m2 = 1.103So 
Medium UV 1 ✔ ✘ ✘ 
Medium UV 2 ✔ ✔ ✔ 
High UV ✘ ✘ ✘ 
Very High UV ✔ ✔ ✔ 
S	= 1400 W/m2 = 1.029So	(i.e. closest to earth-equivalent instellation) 
Medium UV 1 ✔ ✘ ✘ 
Medium UV 2 ✔ ✔ ✔ 
High UV ✔ ✘ ✘ 
Very High UV ✔ ✔ ✔ 
S	= 1088 W/m2 = 0.8So	(i.e. surface temperatures are below 0) 
Medium UV 1 ✔ ✘ ✘ 
Medium UV 2 ✔ ✘ ✘ 
High UV ✔ ✔** ✔** 




Table 5.3: Table summarizing the findings we have reported in this study in the previous sec-
tion regarding whether we can expect to detect methane and ozone individually and simulta-
neously over the MIR bandpass of the OST instrument, given a detection threshold of ~ 5 ppm 
and assuming a planetary limb not enshrouded by clouds. Green ticks indicate possible detec-
tion as predicted by our model, and red crosses indicate otherwise. Where detection is only 











































































Figure 6.1: (All four figures taken directly from the motivation section of PI Villanueva’s 2015 
proposal) Top-left panel: An adaption of an artist’s impression showing the way the upper 
atmosphere is affected by high-energy stellar irradiation; when bombarded via these highly 
energetic photons, the upper atmosphere emits efficiently via non-LTE fluorescence. Top-right 
panel: the 3.3 µm methane non-LTE emission feature on Jupiter (Encrenaz et al. 1996; Drossart 
et al. 1999). Bottom-left panel: Example of a photochemical reaction with excitation (and sub-
sequent emission) processes in a non-equilibrated environment. The photons pump the mole-
cule to an excited state, from which multiple photons are then emitted. Bottom-right panel: The 
3.3 µm methane non-LTE emission feature predicted for GJ436b with simulated JWST/NIR-
SPEC noise assumed. This plot used P-T from the Line et al. analytical thermal structure I 
discussed in Chapter 2 (and incorporated in the hot Jupiter work in Chapter 3), methane mixing 
































































planetary	 atmosphere.	 It	 has	 become	 the	main	 repository	 of	 line	 information	 for	

















The four key parameters required to compute realistic non-LTE fluxes from excitation: 
High-energy (for stellar radiative pumping) and comprehensive (UV-submm) spectral data-
bases è track possible cascades and emission frequencies. 
Non-LTE radiative transfer models. 
Collision cross-sections (even best estimates) è establish where LTE breaks down. 
Photochemistry atmospheric models of exoplanets è densities, P-T and mixing ratios 
	 173	
Figure 6.2: A table and a flow chart (modified from a figure summarizing tasks in PI Vil-
lanueva’s 2015 proposal) showing how the work I am doing fits into the grand scheme of 
GSFC’s non-LTE spectra computation tool set. The deliverables expected from my end are 
marked with a red oval. The red boxes within the oval marks template types that are already 
part of the PHOTOCHEM suite, but over broad planet categories (more specific categories can 
be found in Figure 6.4 below). Key tools that are readily available now (collection of model 
stellar templates, the GFM, non-LTE radiative transfer model, high-resolution and high-energy 
compilations for H2O, CH4, HCN, etc.)—done as part of independent sub-tasks—have been 


















Figure 6.3: Top Panel: The top plot below (modified from Kopparapu et al. 2018) shows 
where the gaseous species ZnS, H2O, CO2 and CH4 condense in pressure-temperature (P-T) 
space, and how their dependence matters for representative temperature profiles for different 
classes of planets (based on temperature). The P-T profiles for two different sizes of planets, 
0.5 R⊕ and 14.3 R⊕ and two different instellations, 0.004 I⊕ and 220 I⊕, respectively, are 
shown. The intersections of the condensation curves indicate that CH4 and ZnS are condensing 
out in the cold and hot planetary atmospheres, respectively. The former marks a transition point 
for cooler hot Jupiters and the latter serves as a lower boundary for cold planets. The high-T 
P-T profiles were computed with the Parmentier model, which are also part of the PSG data-
base, and planned for use in our photochemical model computations. Bottom panel: (also mod-
ified from Kopparapu et al. 2018) Exoplanet classification bins (type by temperature and den-
sity) shown based on current observables – incident stellar flux I and radius RE boundaries – at 
which ZnS, H2O, CO2, CH4 would successively condense in the planetary atmospheric sphere. 








Typical region of 
active non-LTE 

















Figure 6.4: (From private communication with G. Villanueva, note that this will not be their 
final spectra due to the confusion introduced by the labeling of the first figure.) Left panel: 
High-resolution simulated limb absorption + non-LTE emission spectra (i.e. limb + nadir), 
centered at 3.3 µm, shown for GJ1214b. Both LTE (red) and non-LTE (blue) contribution from 
methane shown. Right panel: The kinetic temperature profile shown (black) along with the 
vibrational temperatures at the two methane fundamental bands. The kinetic temperature pro-
file was also computed via the Line et al. formalism from earlier. Vibrational temperatures are 
computed via level population determinations using the Einstein’s equations. There is a factor 
of 4 difference, highlighting the importance of the 3.3 µm band non-LTE emission strength. 
Note that as the labeling indicates, the red/blue color scheme represents different things in the 
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